cerns (3) . In recent years, non-viral gene delivery systems have attracted special interest (4) . However, they suffer from disadvantages such as low gene transfection efficiency and significant toxicity (2) (3) . Therefore, it is critical to develop new carriers with precisely defined structures and properties for efficient delivery into the cells with minimal toxicity. Recently, among the different available non-viral delivery systems such as cationic polymers, cationic liposomes and inorganic nano-particles, cell-penetrating peptides (CPPs) represent an interesting alternative to bypass the problem of poor membrane permeability to nucleic acids (5) (6) . These peptides consist of less than 30 amino acids; mostly, possess cationic and hydrophobic residues that help them to establish interactions with the cell-surface negative charges (7) .
MPG with 27 residues, GALFLGFLGAAGSTM-GAWSQPKKKRKV, is a primary amphipathic peptide, composed of three domains: an N-terminus hydrophobic domain derived from the fusion sequence of the HIV gp41 and is required for efficient targeting to the cell membrane and cellular uptake; a hydrophilic lysine-rich domain, which is derived from the nuclear localization sequence (NLS) of SV40 large T-antigen (KKKRKV), and is necessary for the main interactions with nucleic acids, intracellular transportation of the cargo and solubility of the peptide vector; and a spacer domain (WSQP) , that improves the flexibility and integrity of the hydrophobic and hydrophilic domains (6, (8) (9) .
Human papillomavirus (HPV) infection is a necessary cause of cervical cancer (10) . HPV oncogenes, especially E7, are known to contribute to the progression towards malignancy (11) . E7 is constantly expressed by the HPV-positive tumor cells. Therefore, it represents an ideal target for development of the immunotherapy in HPV-positive cervical cancers (12).
Objectives
To improve non-viral gene delivery in vitro, we hypothesized that a peptide-based gene delivery system, MPG, which forms stable non-covalent complexes with nucleic acids would enhance transfection efficiency of plasmid DNA encoding HPV16 E7 gene. For this purpose, MPG/ pEGFP-E7 complexes were prepared and the plasmid DNA stability during formulation and protection of its structure in serum was evaluated. After MPG cytotoxicity assay (MTT), transfection efficiency of the nanoparticles in three cell types (COS-7, HEK293T and TC-1) was determined by fluorescent microscopy and flow cytometry.
Furthermore, E7-GFP expression was confirmed by western blot analysis.
Materials and Methods

Materials
The MPG peptide was purchased from Biomatik Corporation, Canada. MTT (3-(4, 5-dimethyl-thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) and high molecular weight linear polyethylenimine (PEI) 25 kDa were obtained from Sigma-Aldrich and Polysciences, respectively. Fetal calf serum (FCS) was purchased from Invitrogen, USA. RPMI 1640 and HEPES were provided by Sigma, USA. L-glutamine and gentamicin were purchased from Sigma, Germany.
TC-1 (ATCC number: CRL-2785) tumor cell line, Human Embryonic Kidney (HEK-293T), and African Green Monkey Kidney (COS-7, ATCC number: CRL-1651) cell lines were obtained from National Cell Bank of Iran (NCBI, Pasteur Institute of Iran, Tehran, Iran).
Preparation of Endotoxin-Free Plasmid DNA Expressing E7 Protein
Purification of pEGFP-E7 obtained from (13) , was accomplished by ion exchange chromatography with an endo-free plasmid Giga kit (QIAGEN, Valencia, CA) according to the manufacturer's instructions. Plasmid DNA was analyzed by agarose gel electrophoresis, quantified by spectrophotometry and stored in endotoxin-free PBS1X at -20ºC.
Preparation of Peptide/DNA Complexes
The stock solution of the synthetic MPG peptide was prepared in sterile water at a final concentration of 2 mg.mL -1 . Peptide solution was added dropwise to 1 μg of plasmid DNA at different molar ratios of basic amino acid residues in the MPG peptide to DNA phosphates in PBS (pH 7.4), and incubated for 60 min at 22°C to allow complete electrostatic interaction between peptide and DNA, ensuring the formation of complex.
DNA Binding and Neutralization
The gel retardation or electrophoretic mobility shift assay is a sensitive method to confirm the condensation between peptide and DNA and neutralization of the negative charges on DNA. For this purpose, 10 μL of each peptide/DNA complex was mixed with 2 μL of a 6 loading buffer and loaded onto a 1% agarose gel containing ethidium bromide.
Scanning Electron Microscopy
The MPG/DNA nanoparticles were prepared at an N/P ratio of 15:1 and a thin gold layer was sputtered on the surface. The size and morphology of nanoparticles were analyzed using a scanning electron microscope (SEM; KYKY-EM3200 model, China).
Stability and Protection Assay of Peptide Delivery System
To assess the stability of MPG/DNA complexes against DNA nucleases, DNase I was added to the nanoparticles (at different N/P ratios of 2:1 to 25:1) with a final concentration of 1.37 U enzyme per 1 μg DNA and the mixtures were incubated at 37ºC for 1 h followed by addition of stop solution (200 mM sodium chloride, 20 mM EDTA and 1% SDS) (14) . To evaluate the serum stability, the nanoparticles at ratio of N/P: 10 and 15 were exposed to 10% serum and incubated for 5 h at 37ºC. Plasmid DNAs were released from peptide by adding 10% SDS solution for 2 h. Samples were analyzed by electrophoresis on 1% agarose gel containing ethidium bromide and the integrity of the DNA was visualized and compared with the naked DNA as control.
Cell Viability Assay
For cell viability assay, COS-7 cells (10 4 cells/ well) were seeded into 96-well microtiter plates in RPMI-1640 supplemented with 5% FCS and cultured for 16 h at 37°C in humidified incubator with 5% CO 2 atmosphere. After replacement of media with fresh RPMI-1640, different concentration of MPG peptide was added to the cells and left for 24 and 48 h without exchanging the media. In a parallel assay, different N/P ratios were prepared and added to the cells. After 24 or 48 h of incubation, the media was removed and 20 μL of sterile filtered MTT stock solution (5 mg.mL -1 ) in fresh RPMI-1640 media was added to each well. After 3 h, the media was removed and 100 μL dimethyl sulfoxide (DMSO) was added to each well to dissolve the formazan products. The color intensity, which is proportional to the number of viable cells, assessed by an ELISA reader (Model 550, Bio-Rad) at 570 nm. Nontreated cells were used as a control (100% cell viability). The data were reported as the mean of each condition ± SD.
Transfection Assay
COS-7, HEK-293T and TC-1 cell lines were placed at a density of 0.5 × 10 5 cells/well in a 4-well plate (Greiner, Germany) in complete RPMI-1640 supplemented with 5% heat-inactivated FCS. Cells were approximately 80% confluent at the time of transfection. Peptide/DNA nanoparticles at N/P ratio of 10:1 and 15:1 as transfection reagent were prepared in a total volume of 100 μL and incubated for 1 h at 22ºC. MPG/DNA nanoparticles were added to the cells in the presence of 10% serum. The medium was replaced after 8 h incubation at 37°C with complete RPMI 10% FCS. Polyethyleneimine (LINPEI 25 kDa, Polyscience, N/P: 7) was used as a positive control. The un-transfected cells were used as a negative control. The level of GFP expression (transfection efficacy) was monitored by fluorescence microscopy (Envert Fluorescent Ceti, Korea) at 24 and 48 h after transfection and also quantified by a FACS Calibur flow cytometer (BD Biosciences) at 48 h post-transfection. For flow cytometry analysis, the transfected cells were harvested and scored for GFP-positive cells with appropriate gating using the green channel FL-1H. A total of 5×10 4 events were counted for each sample. The data were reported as means ± SD. E7-GFP expression was detected by western blot analysis.
Western Blot Analysis
The cells (i.e., un-transfected and transfected cells with MPG/DNA or PEI/DNA complexes) were scraped from their dishes and washed in PBS1X at 48 h after transfection. The extracted protein samples were separated by SDS-PAGE in a 12.5% (w/v) polyacrylamide gel. The proteins were resolved on gel and transferred onto protran nitrocellulose transfer membrane (Schleicher and Schuell Bioscience, Dassel, Germany). The membrane was pre-equilibrated with Tris-buffered saline Tween-20 (TBST) solution containing 2.5 percent bovine serum albumin (BSA) for overnight and reacted with anti-HPV16 E7 monoclonal antibody (1:10000 v/v, USBiological) or anti-GFP polyclonal antibody (1:5000 v/v; Acris antibodies GmbH) under standard procedures for 2 h at 22°C. After three washes with TBS, the membrane was incubated with anti-mouse IgG-HRP (1:2000, Sigma, USA) for 1.5 h at room temperature. The immunoreactive protein bands were visualized using peroxidase substrate 3, 3′-diaminobenzidine (DAB, Sigma, St. Louis, MO).
Results
Formation of MPG/DNA Complexes
pEGFP-E7 (1 μg) was mixed with increasing amounts of MPG at different N/P ratios for 1 h at 22°C. Herein, the N/P ratio is a molar ratio of 4 lysine residue and one arginine residue (N) in the peptide to phosphate group (P) in the DNA molecule. N/P ratio was calculated as previously described (15) (16) . Gel shift assay was used to examine peptide/DNA interaction. As shown in Figure 1A , the polynucleotide molecule did not migrate into the agarose gel at N/P ratio of 5: 1, indicating the formation of MPG/DNA complex. SEM analysis of nanoparticles at N/P ratio of 15:1 showed the spherical shape with a narrow size distribution ( Figure 1B ).
Stability of MPG-Based Nanoparticles in Presence of Serum
For serum protection assay, the N/P ratios of 10:1 and 15:1 of nanoparticles were selected. Agarose gel electrophoresis showed that unprotected plasmid DNA was degraded in the presence of serum after 5 h incubation with FCS as shown in Figure 2 . In contrast, recovered DNA from nanoparticles remained intact. DNase degradation of DNA was observed at lower N/P ratios, but the bands corresponding to plasmid (intact plasmid) showed similar intensity at the N/P ratios higher than 10:1. 
In vitro Cytotoxicity of Nanoparticles
To evaluate the potential of the MPG peptide as delivery system, the cytotoxicity of MPG complexed with pEGFP-E7 at various N/P ratios and different amounts of MPG peptide alone were determined ( Figure 3) . For this purpose, we investigated MTT assay in COS-7 cell line at 24 and 48 h after incubation. As shown in Figure 3A , MPG did not induce any cytotoxic effects up to concentration of 32 μM over a period of 48 h. The cell viability started to decrease at concentrations of peptide more than 40 μM as compared to untreated cells (~ 10%, p < 0.05). MPG was not cytotoxic at the concentrations used for gene delivery, and the complex of MPG with DNA could reduce cytotoxicity of MPG at higher concentrations ( Figure  3B ).
In vitro Cell Transfection
The GFP expression efficiency induced by MPG/DNA nanoparticle was investigated at N/P ratios of 10:1 and 15:1, against COS-7, HEK-293T and TC-1 cell lines for 8 h with plasmid DNA encoding E7-GFP. Our results indicated that MPG/DNA nanoparticles at both ratios of 10:1 and 15:1 were capable to transfect HEK-293T and COS-7 cells efficiently, but not TC-1 cells at both times. For confirmation of the E7 DNA delivery in vitro, transfection efficiency was compared with PEI 25 kDa as a transfection reagent and it was 22.53% and 71.5% for HEK-293T and COS-7 cells, respectively (data not shown). As shown in Figure 4 , strong E7-GFP expression was detected in approximately 17.3% of HEK-293T and 67.6% of COS-7 cells treated with the N/P ratio of 15:1 of MPGbased nanoparticles. In the N/P ratio of 10:1, percentage of cells expressing E7-GFP was 13.22% and 66% for HEK293 and COS-7 cells, respectively. In the N/P ratio of 15:1, the efficiency of transfection mediated by MPG-based nanoparticles is comparable with the stan- 
Western Blotting
E7-GFP expression was confirmed by western blot analysis. E7 expression was detectable in HEK and COS-7 cells transfected with either PEI/DNA or MPG/DNA nanoparticles at N/P ratios of 10:1 and 15:1 by western blotting at 48 h after transfection (data not shown). The dominant bands of 38 (i.e. 11 kDa E7 + 27 kDa GFP) and 50 kDa (i.e. 23 kDa E7 + 27 kDa GFP) were detected in transfected cells expressing E7-GFP using the anti-GFP antibody. The corresponding bands were not detected in the untransfected cells, showing that expression of the E7 protein was specifically induced in the transfected cells. In addition, a 50 kDa E7-GFP protein was detected in transfected cells using the anti-HPV16 E7 monoclonal antibody. The theoretical molecular mass of HPV16E7 protein is approximately 11 kDa. However, our results in this study showed that E7 protein migrate as a 23 kDa protein (an abnormal protein) in SDS-PAGE. This abnormal migration pattern of E7 protein was reported previously (17) . These results indicate that the substantial net negative charge of the wild type E7 protein (high content of acidic amino acid residues) is responsible for its anomalous electrophoretic behavior.
Discussion
The DNA condensation capability into small campact particles is a critical prerequisite for efficient gene delivery into cells. This property was demonstrated in MPG when it was used to complex with pEGFPE7 to form particles of a spherical nature with a size range of 150 nm to 1 μm in diameter at different N/P ratios. In fact, negatively charged pEGFP-E7 interacted with positively charged cationic peptide. Other studies have also shown that self-assembly between MPG and oligonucleotides mainly involves electrostatic interactions, which take place between the negative charges of the nucleic acids (phosphate groups) and the positively charged moiety of MPG (6, 18) . The electrostatic interactions of the cationic peptides with the negatively charged phosphate backbone of DNA leads to nanometer-sized particles with a net positive charge that is able to interact with cell membranes and internalize into the cell to promote gene expression (19) .
Current study indicates that the MPG/DNA nanoparticles were stable in transfection media containing serum and overcame the intracellular barriers led to significant E7 expression in transfected cells. One of the unique and essential features of MPG in comparison with other non-viral delivery systems is the presence of a nuclear localization signal (NLS), which plays a crucial role in both electrostatic interactions with DNA and nuclear uptake. The NLS sequence (KKKRKV) has been shown to actively facilitate the transport of nucleic acids through the nuclear pore by interaction with importin α (20) . To the best of our knowledge, this study is the first report of HPV16E7 DNA delivery mediated by MPG-based nanoparticles in vitro.
Cell-penetrating peptides represent a promising non-viral transmembrane delivery systems in preference to the polymer and lipid-based DNA delivery systems, because they are relatively stable, easy to synthesize and functionalize, and less toxic or immunogenic than other vectors (5, 21) . Vector cytotoxicity is an important parameter during its design. For example, PEI as the most known polymeric vector although has a good transfection efficiency but its use in vivo is limited because of high toxicity (22) . PEI has shown significant cytotoxicity at concentration of 10 μg and an IC 50 of < 0.01 mg.mL -1 was calculated (23) (24) .
In our experimental analysis, MPG did not show any cytotoxic effects up to 32 μM. It has been shown that MPG is not cytotoxic at the concentrations used for gene delivery. The transfection efficiency of E7-GFP gene using MPG peptide showed that MPG/DNA nanoparticles facilitate uptake of DNA by cells that leads to the protein expression. Some studies have shown that transport efficiency of CPPs depends on the properties of both CPP and cargo as well as on the transfection conditions and the cell lines (18) (19) . We found that three cell lines (COS-7, HEK-293T and TC-1) represent different efficiency to DNA transfection. Keller et al. (2013) showed that cancerous cell lines such as HeLa and NIH-3T3 show strong protease activity. In these cells, membrane-bound and secreted proteases degraded cell penetrating peptides (CPPs) within 60 min. In comparison with these cancerous cell lines, COS-7 and NB-4 cells were less proteolytic (25) . Thus, our results provide evidence for the differences between HPV16E7 expressing tumor cell (TC-1) and normal cells in extracellular matrix and secreted proteases. These differences likely result from different membrane compositions and extracellular matrix, cell characteristics and a selective mechanism of the nanoparticle uptake. For different delivery systems, endocytosis has been suggested to be the main mechanism of internalization. Recently, it has been claimed that the mechanism of gene delivery by MPG does not follow the endosomal pathway. Morris et al. (1997) showed that efficient delivery of the MPG/DNA complex into the nucleus was observed immediately after 30 min incubation at 37ºC, suggesting that internalization is faster than endocytosis events and another mechanism should be the cause (9) . Supplementary experiments of transfection at low temperature (4ºC) to block the endosomal pathway confirmed that the cellular uptake of oligonucleotides is independent of endosomal pathway (9, 20) . Here, an experiment suggesting non-endosomal pathway of MPG was carried out. Briefly, the cells were transfected with MPG/DNA in different N/P ratios (5:1, 10:1, 15:1 and 30:1) in the absence and presence of 100 μM chloroquine (CQ), as an endosome disrupting agent, according to the protocol reported before (22) . The results showed that CQ has not any positive effect on improving transfection efficiency (data not shown).
As shown by Keller et al. (2013) , enhancing the molar ratios of CPP peptide to DNA can significantly increase the uptake of cargoes even for CPPs, which form only weak complexes or exhibit only low uptake efficiencies (26) . Current results showed that transfection efficiency was improved with the increase of N/P ratios from 5:1 to 15:1. This suggests that higher MPG doses increase the permeability of cell membranes for plasmid DNA. Therefore, according to our results it seems that in higher ratios of MPG peptide to plasmid DNA, the attachment of nanoparticles to the cell surface has been improved by ionic interactions, resulting in the efficient translocation of nanoparticles.
Conclusions
Internalization of DNA into live cells using cell penetrating peptides is a practical and efficient approach for gene therapy by formation of non-covalent complexes. In the present study, we have implemented a peptide-based gene delivery system, MPG which forms stable non-covalent nanoparticles with pDNA for delivery of HPV16E7 as a tumor antigen, in vitro. The efficiency of transfection mediated by MPG was comparable with PEI 25 kDa as a standard reagent with some preferences for MPG-based nanoparticles including no cytotoxicity to mammalian cells and no sensitivity to serum. Based on our results, the transfection efficiency of MPG/DNA nanoparticles depends on both cell type and applied N/P ratio. Interestingly, E7 protein expression increased by higher MPG/DNA charge ratios (N/P: 10 and 15) in COS-7 cells as compared to other cells (HEK-293 and TC-1). This report highlights the potential of MPG-based nanoparticles as a pEGFP-E7 plasmid carrier in vitro, the differences in cell membranes' properties for gene delivery and the need to investigate each step of intracellular mechanism separately.
